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Abstract

An important part of any CO, geosequestration project is to ensure CO, containment and
conformance in the subsurface. This is generally done by implementing a comprehensive, risk-based
Measurement, Monitoring and Verification plan, a key element of which is active time-lapse seismic
monitoring. However, high cost and environmental impact of the standard surface seismic
monitoring dictate the need for a cost-effective and environmentally friendly alternative. An
opportunity to develop such method emerges with advances in distributed acoustic sensing (DAS)
technology, which turns an optical fibre into a seismic sensor with dense spatial sampling. DAS can
be permanently deployed in multiple wells across the geosequestration site providing a robust and
non-intrusive network of seismic receivers. This approach was developed and tested in the CO2CRC
Otway project, where injection of 15 kt of CO; at 1.5 km depth was monitored with a 4D vertical
seismic profiling (VSP) using five borehole DAS arrays and mobile vibroseis sources. The 4D DAS VSP
in each of the five wells provides broadly consistent images of the CO; plume with some differences
due to different illumination of the target horizon, lateral variation of velocities, and seismic

anisotropy. When the newly injected CO, reaches a CO, plume created as a result of an earlier
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injection into the same formation ~600 m updip, 4D DAS VSP shows a change in reflectivity in that
area and beyond. This shows a potential of 4D DAS VSP for monitoring gas injection into gas-

saturated reservoirs.

Introduction

Carbon capture, utilisation, and storage (CCUS) technology is globally perceived as an important
contributor to the reduction of carbon emissions (IEA, 2012, 2021; IPCC, 2021; Pacala and Socolow,
2004; Schrag, 2007). As CCUS involves injecting CO; into the subsurface rock formations, an
important part of such projects is monitoring and verification (M&V) of CO, containment and
conformance (Jenkins et al., 2015; Oldenburg, 2018). Several projects have demonstrated that M&V
can be fulfilled by means of 4D seismic monitoring (e.g., Bauer et al., 2019; Bourne at al., 2014;
Chadwick et al., 2010; Dean and Tucker, 2017; Lith et al., 2017; Pevzner et al., 2017; Roach and
White, 2018) by detecting changes in elastic properties of subsurface layers that are caused by
changes in fluid saturation or pressure (Landrg et al., 2003; Lumley, 2001). However, application of
the standard 4D surface seismic monitoring has several challenges. First, it requires frequent
snapshots of the subsurface, which may be prohibitively expensive (Mathieson et al., 2011). Second,
it has large surface footprint and thus can disrupt activities of other users of land or marine
resources. Consequently, 4D seismic vintages are acquired several years apart from each other and

require significant time for processing, which may be inadequate for M&V purposes.

The demand for cost-effective and less disruptive seismic monitoring methods may be satisfied by
using permanently installed seismic receivers. Burying receivers in shallow subsurface not only
reduces the footprint of acquisition and mobilisation time, but also improves data repeatability and
signal-to-noise (S/N) ratio (Jervis et al., 2018; Pevzner et al., 2017). The invasiveness of seismic
acquisition and noise levels can be further reduced if seismic receivers are permanently deployed in

boreholes. Application of vertical seismic profiling (VSP) for CO; injection monitoring in the lllinois
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Basin—Decatur Project (Bauer et al., 2019; Couéslan et al., 2013), Weyburn Field (Majer et al., 2006) ,

and Otway Project (Correa et al., 2019, 2017; Tertyshnikov et al., 2018) has shown promising results.

Borehole seismic monitoring becomes even more attractive with development of fibre-optic DAS
(Hartog, 2017; Parker et al., 2014). This is a relatively new technology that turns an optical fibre into
a seismic sensor, which can be deployed along the full extent of a well providing dense spatial
sampling. Because fibre-optic DAS can cover the entire well at once, the rig time required for DAS
VSP operations is minimal, and hence the cost of the monitoring is significantly lower than when
borehole geophones are used. Additionally, fibre optics are more robust than geophones and avoid
risks associated with the deployment of mechanical and electrical components into a well. However,
DAS has limitations: it captures only a single component of the wavefield (strain along the fibre), and
its amplitude response has a cos? dependence on an angle of incidence rather than cos for

geophones (Li et al., 2015).

In recent years, fibre-optic DAS technology has been tested in several projects, which demonstrated
the high potential of DAS VSP for reservoir monitoring (Bacci et al., 2017; Correa et al., 2019, 2017;
Daley et al., 2016, 2013; Hopkins et al., 2021; Mateeva et al., 2017; Michael et al., 2020; White et al.,
2019; Zwartjes et al., 2018). It has been shown that quality of 3D DAS VSP seismic images can be
comparable or sometimes superior to the quality of images obtained using borehole geophone data
(Correa et al., 2017). In comparison with surface seismic monitoring, 4D DAS VSP data can be of
somewhat lower quality and limited extent (Correa et al., 2019; Mateeva et al., 2017; White et al.,
2019). To increase illumination of the subsurface, Mateeva et al. (2017) suggested combining images
from several wells and using multiples for imaging. Yurikov et al. (2021) showed that combining
images obtained from data recorded in several wells may be challenging because of amplitude
artefacts due to uneven fold in a VSP geometry and mis-ties due to inaccuracy of the velocity model

used for imaging.
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Further development and testing of DAS as a tool for reservoir monitoring is being undertaken
within the scope of the CO2CRC Otway project. The project employs multi-well 4D DAS VSP for
monitoring of 15 kt of CO; injected at the depth of 1.5 km. Here we describe details of acquisition
and processing of the multi-well 4D VSP data. Then, we present the analysis of the time-lapse images
of the CO; plume, cross-validate them with other seismic monitoring methods used in the Otway

project and discuss challenges and limitations of 4D DAS VSP as an onshore monitoring tool.

CO2CRC Otway project

The CO2CRC Otway project is the first Australian demonstration of CCUS as a means for carbon
emission reduction. The Otway International Test Centre (OITC), the project site, is located in the
Australian state of Victoria about 240 km south-west of the city of Melbourne. OITC started its
operation in 2003 and now it has seven purpose-drilled wells (>1.5 km deep), within a ~1 km? area,

for CO; injection and monitoring activities.

The Otway Stage 2C Project focused on understanding the effectiveness of various seismic
techniques for monitoring CO; and demonstrating migration and stabilisation of the CO; plume in
the subsurface (Cook, 2014). For this purpose, 15 kt of CO, were injected into a saline aquifer at a
depth of 1.5 km. The primary component of the monitoring program, the 4D surface seismic survey
using a permanently deployed geophone array (Pevzner et al., 2017), successfully detected 5 kt of
the injected CO; and tracked the CO, plume evolution and its post-injection stabilisation.
Simultaneously with the surface seismic acquisition, the program included testing 3D VSP monitoring
techniques using 3C borehole geophones and DAS (Correa et al., 2019, 2017; Tertyshnikov et al.,

2018).

The shortcomings of the conventional 4D seismic are addressed by Otway Stage 3 Project which aims
to demonstrate and validate the application of cost-effective technologies for subsurface monitoring
and verification of a CO, storage site that also minimise environmental footprint. To this end, Stage 3

involves 15 kt of CO; injection (similar to Stage 2C but 600 m down-dip) but monitored primarily
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from wells, with little infrastructure on or near the surface. The seismic monitoring in Stage 3
consists of two main components: continuous multi-offset VSP using five borehole DAS arrays and
nine permanently installed Surface Orbital Vibrators (SOV) (Correa et al., 2021; Freifeld et al., 2021),
and 4D VSP using mobile vibroseis source and the same DAS arrays. Details of operations and initial
results of Stage 3 have been reported by Pevzner et al. (2022, 2021), Isaenkov et al. (2021) and Yavuz

et al. (2021).

Data acquisition

The 4D VSP monitoring program of the Otway Stage 3 Project includes acquisition of a baseline M6
survey and two monitor surveys M7 and M8 after injection of 4 kt and 12 kt of CO,, respectively. The
survey parameters are shown in Table 1. The receiver arrays consist of engineered fibre-optic cables
cemented behind the casings of five wells drilled to the depths from 1580 m to 1690 m. The
configuration of the receiver arrays is the same as for the continuous DAS/SOV monitoring and was
reported by Isaenkov et al. (2021). Note that the nearly vertical CRC-3 well instrumented with a DAS

array is also an injector in Stage 3.

The parameters of the seismic source effort are shown in Table 2. The lateral distribution of seismic
shot points and the projections of the receiver arrays to the surface are shown in Figure 1. The
acquisition of a baseline M6 survey was disrupted by the onset of the COVID-19 pandemic in
Australia in March 2020 (Pevzner et al., 2021). The original plan of acquiring more than 4,500 shots
was revised because of delays in acquisition related to COVID-19 restrictions and rapidly
deteriorating weather and ground conditions typical for this time of the year. The total M6 survey
source effort included 3,395 shots with a lower source density compared to the original plan, but
similar areal coverage. A previous analysis showed that this reduction in source density should have

only a mild impact on the image quality (Popik et al., 2019).

The Stage 3 injection started in December 2020. The first monitor (M7) survey was acquired in

January 2021 after injection of 4,382 t of CO,. As flow simulations and preliminary results of the



123 continuous monitoring showed the CO, plume to still be relatively small, far-offset shot points on
124  the eastern and western flanks were excluded to reduce the duration of the survey. On the other
125 hand, the source coverage in the middle of the survey area was restored to the original M6 plan. The
126  second monitor (M8) survey was acquired in March 2021 after injection of 12,465 t of CO; and

127  included all the shot points from M6 and M7 surveys.

128 Table 1. Survey parameters.

Survey M6 M7 M8

Date March-April 2020 January 2021 March 2021

Wells CRC-3, CRC-4, CRC-5, CRC-6, CRC-7

Type of fibre Constellation

DAS interrogator iDAS v3

Measurand Strain rate

Gauge and pulse 10 m gauge length, 4 m pulse length

length

Channel spacing 1m

Temporal sampling 1 kHz (downsampled from 16 kHz laser pulse repetition frequency during
acquisition)

Source line spacing ~100 m

Shot interval 15m

Number of shot points | 3395 3085 4185

Survey area (km?) 7.3 5.4 7.3

129

130 Table 2. Source parameters.

Seismic source INOVA UniVib 26,000 Ibs




Sweep type Linear, 6-150 Hz

Sweep duration 245, 0.5 s cosine taper

Sweeps per shot point 1, 70% peak force

131
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133 Figure 1. Lateral distribution of seismic shot points (green dots). Black lines show the projection of the wells’ tracks to the
134 surface. Color-coded map shows seismic fold computed for receiver spacing of 5 m and 7.5 x 7.5 m bin size, combined for all
135 wells. The pink contour shows the projection of the edge of the simulated plume at the end of the injection. Modified after

136 Pevzner et al. (2021).
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Processing of the time-lapse DAS VSP data

To obtain a time-lapse image of the subsurface after injecting 4 kt and 12 kt of CO,, we used the M6
dataset as a baseline for the M7 and M8 surveys. Additionally, we subtracted the M7 image from M8
to track the changes in the reservoir in the period between acquisition of these two monitors. Each

dataset contains seismic records from five monitoring wells, which were processed separately.

To perform a parallel processing of the datasets, we used the RadExPro (DECO Geophysical) software
package and in-house Matlab codes. The processing workflow (Figure 2) for each vintage was based

on the fast-track processing of the Otway multi-well 3D VSP data reported by Yurikov et al. (2021).
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M6 dataset M7 dataset M8 dataset

Geometry assignment: calibration of DAS coordinates to known locations in the wells

Trace stacking in 5 m bin intervals

Correlation with the source sweep

2D spatial filter [Number of samples: 1; Number of traces: all]

Geometry cross-equalisation

M6 Baseline M6 Baseline M7 Baseline M7 monitor M8 monitor M8 monitor

for M7 for M8 for M8 (M6 BL) (M6 BL) (M7 BL)

First break (FB) picking

Wavelet extraction and deconvolution [Impulse width = 300 ms]

| | | | | [ |
Band-pass filtering
[Ormsby 0-20-80-160 Hz, 5-10-90-180 Hz]

| | |
Wiener filter
matching to baseline datasets
| [ | [ |

Wavefield separation
[F-K filters attenuating down-going waves and up-going PS and S waves]
| | | | | |
Amplitude correction
[Time raised to power of 2]

| 1 | 1 | |
Muting
[Muting below direct S wave arrival]
| | | | | |

Model-based statics
[applied to CRC-3, CRC-4 and CRC-5 data]
| | | | | |
3D migration
[Kirchhoff migration: central dip = 0, aperture = 15 degrees]

Figure 2: Processing flowchart: procedures are shown in grey boxes, initial datasets are shown in black boxes, datasets with

cross-equalised geometries forming three baseline-monitor pairs are shown in blue, green and orange boxes.
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The data was recorded in the iDAS v3 native TDMS format and then converted to SEG-Y. The
coordinates of the source positions were obtained from the Differential Global Positioning System
(DGPS) surveying. The geometry on the optic sensors was calibrated by pinpointing specific positions
on the cable to known locations in the wells. Noisy traces were deleted from the datasets. In case of
the repeated shots the one with the higher S/N ratio was taken into the further processing
sequence. Raw traces were stacked within 5 m depth intervals and correlated with the source
sweep. Then, the 2D spatial filter was applied to each shot gather targeting to attenuate the stripe

noise present in the raw data.

Then we cross-equalised geometries of the surveys producing three baseline-monitor pairs of
datasets for further analysis (M7-M6, M8-M6 and M8-M7). Because of the differences in source
coverage (Figure 1), these survey combinations contain 2,586 shots for the M7-M6 pair, 3,358 shots

for the M8-M6 pair and 3,085 shots for the M8-M7 pair.

The next step of the processing was a deterministic deconvolution. The source wavelets for the
deconvolution were extracted from direct-wave arrivals for each shot gather by flattening first
breaks and stacking traces recorded at depths over 1,200 m. Then, the wavelets extracted from
different wells were averaged for each shot point and normalised relative to their root mean square
(RMS) value. A wavelet was excluded from the averaging if the offset between a corresponding shot
point and a well exceeded 1,500 m. The deterministic deconvolution corrected the phase of the data
and widened the amplitude spectrum. The deconvolution also partially compensated for the effect
of variations in the near-surface conditions on the source signature, which may be significant
(Isaenkov et al., 2021). After deconvolution, we apply bandpass filters to attenuate the high-

frequency noise.

To increase the repeatability of the data and further reduce the effect of changing near-surface
conditions on the source signature, the monitor datasets are subjected to a matching Wiener

filtering
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D(t,1) x F(¢), (1)

where F(t) is the filter, D(t, [) is the data after deconvolution stage of the processing, t is the time,
and [ is the measured depth along the well. To minimise the difference between the wavelets
extracted from the baseline w;, (t) and the monitor data w,, (t), the filter was designed for each shot

separately

llwp () = Wi (€) * F(B)]],,, = 0. (2)

The wavelets were extracted using the direct P-waves recorded below 800 m in every well
separately. We selected the part of each trace in the data in a window from -50 ms to 350 ms
relative to the picked first breaks. The traces with no first breaks picked due to low S/N ratio for the
direct P-wave were excluded from the analysis. We aligned the traces in time relative to the first
breaks and took their trimmed mean using 30% cut-off. For the CRC-3 well, only traces recorded
above the injection interval were used as the traces recorded below might be affected by time-lapse
changes related to the CO; injection. Then we derived a 150 ms long Wiener filter for each shot

using equation (2) and applied it to the monitor datasets (1).

Figure 3 shows an example of the wavelets extracted from the M7 and M8 datasets for one shot
location. There is a significant difference between the wavelets, which is minimised by applying the
matching filter. Applying the same filter to the whole monitor shot record significantly improves

repeatability (Figure 4).

The next processing step was the wavefield separation using F-K filters. The first pass F-K filter was
applied to shot gathers for attenuating all down-going waves. The second pass of F-K was applied to
shot gathers with flattened PP waves to remove up-going PS and S waves. The amplitude decay due
to the divergence of the wavefront was compensated with a time-squared function. Due to the

difficulty of removing the up-going S waves, we muted the data after the direct arrival of the S wave.
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Prior to migration, we introduced the model-based static correction to the data. For every shot, we
calculated the travel-time curves for the direct P wave using the same velocity model as used in the
migration algorithm. Then we computed the misfits between the picked first breaks and the travel-
time curves for each shot separately in the depth interval below 1,400 m. We took the 33% trimmed

mean of these misfits and applied the result as a static shift to both baseline and monitor data.

The imaging was done using an in-house Matlab implementation of a Kirchhoff migration algorithm
modified to correct for the directional dependency of DAS sensors (Bona et al., 2017; Kuvshinov,
2016). The correction was computed using the actual deviation of wells but assuming straight ray
paths. The migration parameters included the central dip of 0° and the aperture of 15°. The data
from each of the five wells were migrated independently on the common grid with 7.5m x 7.5m x
1m bin size. For migration of all datasets, we used a 1D isotropic velocity function derived from the
zero-offset VSP in the CRC-3 well. The use of a 1D model is justified by relatively flat geology and

modest lateral variation of the seismic velocities over the area (Dance, 2013).

4
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Figure 3: Example of the wavelets extracted from the M7 (w,,) and M8 (w,,) shot records from the same location. The result

of applying a Wiener filter to the M8 wavelet shown by the black dotted line matches the M7 wavelet.
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images.

Results

Figure 5 shows a set of cross-sections of the seismic 3D volumes obtained using the M6 dataset. The
sections are color-coded to differentiate between different volumes. The position of seismic
reflectors is relatively consistent across the volumes. The quality of the images naturally degrades

away from the corresponding well due to the VSP geometry, which makes it challenging to match
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the volumes between the eastern (CRC-6 and CRC-7) and western (CRC-3, CRC-4 and CRC-5) groups
of wells. The discrepancies in the amplitudes of reflectors in different seismic volumes are related to

differences in illumination and effects of directivity of the fibre.

Figure 6 shows cross-sections of the migrated 3D time-lapse difference volumes for all three
baseline-monitor pairs M7-M6, M8-M6 and M8-M7. The data recorded in different wells were
processed separately from each other, hence Figure 6 displays images for all five monitoring wells.
The CO; plume was detected by time-lapse changes of reflection amplitudes in the injection interval.
Whereas the amplitude anomaly created by the injected gas is strong in the CRC-3 and CRC-4 data, it
is relatively weak in the CRC-5 data. The weakening of the time-lapse signal on the CRC-5 data has
two possible explanations. First, the positioning of the well relative to the plume is such that the
directional sensitivity of the fibre optic array has the most prominent effect on the CRC-5 time-lapse
data. Second, CRC-5 is also the only well where the interrogator was replaced between M6 and

M7/M8 surveys, which resulted in deteriorated repeatability of the data.

For each vintage, the plume was mapped using RMS amplitude attributes computed at the target
horizon from five seismic 4D volumes obtained from each of the monitoring wells (Figure 7). The
time-lapse signal is broadly consistent between different seismic volumes. However, due to
differences in well geometry, the directivity of fibre optic sensors and different illumination patterns,
the time-lapse signatures are not identical, but rather complement each other providing a broader

understanding of the plume’s spatial extents.

Time-lapse difference volumes obtained using data recorded in CRC-6 and CRC-7 from M8-M7 pair
show a weak but clear time-lapse anomaly inside the Stage 2C CO; plume (Figure 6, Figure 7). The
location of the Stage 2C plume is known from 4D surface seismic data (Pevzner et al., 2017). First,
this result suggests that the Stage 3 plume has expanded eastward, connected with the Stage 2C
plume, and remobilised it. Second, we observe the time-lapse difference inside the Stage 2C plume.

Understanding of whether these changes are caused by thickening of the plume or increasing CO,



249  saturation requires further quantitative investigation. It is important to mention that this time-lapse
250 anomaly is weak and only marginally above the noise level (Figure 7). It was not detected in the M8-
251 M6 pair because of the reduced source coverage in M6, which resulted in insufficient fold in the
252  target area to the south-east of the injector. Increasing the source density by using M8-M7 datasets
253 revealed a stronger time-lapse anomaly in between the two drill pads (CRC-3,4,5 and CRC-6,7)

254  (Figure 6, Figure 7). This result confirms that 4D DAS VSP is a sensitive tool for reservoir monitoring

255  and it has a potential to enable detection of gas-to-gas injection.

256  Combining all available information from all the wells and datasets gives the 3D distribution of the
257  injected CO; in the subsurface (Figure 8). The results show that the plume primarily moves to the
258  eastin the up-dip direction of the subsurface structure until it reaches the Stage 2C plume and

259 remobilises it. The Stage 3 plume is likely trapped by a regional fault at the south.
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262 Figure 5: Cross-sections of the migrated M6 3D DAS VSP volumes from five wells: CRC-3 (grey), CRC-4 (blue), CRC-5 (yellow),

263 CRC-6 (green), CRC-7 (purple).
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Figure 6: Time-lapse differences seismograms obtained using M6, M7 and M8 datasets: vertical slice through the injector

well in the west-east direction (A-A’ in Figure 7).
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268 Figure 7: RMS amplitude attributes of the time-lapse differences computed at the target horizon for CRC-3-7 wells from 4D
269 VSP. The black solid contours outline the extents of the interpreted Stage 3 CO, plume. The black dashed contour shows the

270 location of the Stage 2C plume.
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Figure 8: 3D representation of the interpreted Stage 3 plume after injection of 4 kt CO, (a) and 12 kt CO, (b). The color-code
of the geobodies corresponds to the well data: red for CRC-3, blue for CRC-4, green for CRC-6, and purple for CRC-7. The

black plane on the image is the part of the regional Splay fault, which possibly traps the plume.

Discussion

Comparison of 4D DAS VSP and continuous multi-offset DAS VSP

The results of the 4D DAS VSP monitoring can be cross-validated with the results of the continuous
seismic monitoring using offset DAS/SOV VSP. Figure 9 shows a juxtaposition of the difference
seismograms obtained using the two methods. As expected, 4D VSP provides a higher spatial
resolution, while continuous DAS/SOV monitoring provides a higher temporal resolution as the
vintages are produced every two days (Pevzner et al., 2021). Figure 10 shows how the continuous
offset VSP monitoring captures the extents of the CO, plume in comparison with the 4D VSP. The
normalised RMS amplitude of the time-lapse signal detected on the DAS/SOV transects are color-
coded. The time-lapse signature of the CO; plume is broadly consistent between 4D VSP monitoring
and the continuous offset VSP monitoring using DAS/SOV arrays. As reported by Pevzner et al.
(2021), the plume image obtained from offset VSP geometry looks slightly larger due to an attempt
to image a small 3D object using only (pseudo) 2D geometry, so that reflection points located within
the plume but outside of the imaging plane still contribute to the image. Both methods of

monitoring capture time-lapse changes withing the Stage 2C plume confirming its remobilisation,
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which, according to the data of continuous multi-offset VSP monitoring, occurred in February 2021,
before the M8 acquisition. The offset DAS/SOV method of monitoring provides up to fivefold
improvement of S/N ratio compared to 4D VSP (Pevzner et al., 2021), hence it can detect smaller

changes like those in the northern part of the Stage 2C plume, which were not captured by 4D VSP.

SOV9 ,
0 ) | «gﬁzj
400°
E
£ 800
Q.
()
D =
1200 o ysp e
CRC-4/SOV9 = CRc
1600 &
= 57342008
Q T
S Uy T 3
Sasting 5733800

Figure 9: Comparison of a migrated difference section of 4D VSP (CRC-4) for M8 dataset juxtaposed with the corresponding
offset VSP (CRC4/S0V9) section acquired one day before the M8 survey. Pink contour corresponds to the plume extend

interpreted from the 4D VSP data.
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Figure 10: Comparison of the evolution of the CO, plume captured by the 4D VSP and continuous offset VSP monitoring. The
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contour shows the spatial extents of the Stage 2C plume detected by the 4D surface seismic. The solid pink contours show

the extents of the Stage 3 plume as detected by the 4D VSP.

Challenges of using 4D DAS VSP as a seismic monitoring tool

An important parameter for any time-lapse seismic monitoring is repeatability of the data. Isaenkov
et al. (2021) analysed repeatability of continuous DAS/SOV monitoring and showed that the source
signature and repeatability are sensitive to weather changes. It is logical to assume that the same is
also true for vibroseis data. Changing precipitation and depth of the water table affect near-surface
conditions and hence coupling of the vibroseis with the ground and a character of the primary and
secondary wavefield. In case of VSP, seismic receivers are positioned in the subsurface and record
the direct as well as reflected waves. As demonstrated in Figure 4, the source signature extracted
from the direct wave arrival can be used to compensate for the near-surface variations and boost
the repeatability of the seismic data This step appears to be crucial for detection and tracking small

time-lapse changes in the subsurface.

Another challenge for the multi-well 4D VSP monitoring is the variation of the plume’s shape from
well to well. As reported by Pevzner et al. (2021), the Stage 3 plume is a spatially small object, with
lateral dimensions of only a few hundred meters, so changes in illumination and imperfection of the

1D velocity model affect the final image. The Otway area is also known to have significant vertical
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and azimuthal seismic anisotropy (Popik et al., 2021), which is not yet accounted for in the imaging.
The ability to focus the image of a small 4D object using multiple wells can be used as a tool to QC

the velocity model and provide an estimate of the monitoring uncertainty.

Diminished time-lapse signal in the CRC-5 data (relative to CRC-3 and CRC-4 data) (Figure 5)
highlights another possible limitation in the 4D DAS VSP system — whereby once a single baseline is
established, a change of the interrogator (for any reason) for subsequent monitors may introduce
significant time-lapse errors. At the current stage of DAS technology, this appears to be an inherent
issue in the interrogator designs, which cannot easily be corrected for by a simple calibration.
Further research is required to understand if this technology can be applied in a “plug and play”

manner or further development by the manufacturer of these units would allow this functionality.

Conclusions

The seismic monitoring program of the CO; injection in the Stage 3 of the Otway project includes 4D
VSP using mobile vibroseis sources and five downhole DAS receiver arrays. Its primary purpose was
to benchmark the results of the continuous multi-offset VSP monitoring with permanent SOV
sources. Three vintages of 4D VSP seismic data were acquired before and during the injection,

followed by fast-track data processing and analysis.

The initial analysis reveals that data repeatability suffers from changes in the near-surface conditions
between acquisition campaigns. However, the effect of these changes can be compensated for by
using direct-wave arrivals recorded in the borehole; this improves data repeatability significantly.
Such compensation is an important processing step if small time-lapse changes are the target of

monitoring.

The data recorded in different wells were processed independently using the same workflow. The
obtained seismic volumes provide broadly consistent images of the CO, plume. However, these

images are not identical because of differences in illumination of the target horizon and limitations
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imposed by using a 1D velocity model in a complex anisotropic subsurface environment. The
discrepancy in the plume images can potentially be used for QC and updating the velocity model and

imaging techniques.

Images of the plume obtained using data from different wells complement each other providing a
broader understanding of the location of the injected gas in the subsurface. For example, the
western group of wells (CRC-3,4,5) provide detailed information at the beginning of injection when
the plume is confined to the vicinity of CRC-3, whereas it cannot be detected from the eastern group
of wells (CRC-6,7). With the propagation of the plume to the east, the data from the eastern wells

captures the time-lapse changes, which are no longer detected by the western wells.

The 4D VSP data from CRC-6 and CRC-7 have also captured time-lapse changes that occurred inside
the Stage 2C plume injected earlier into the same target reservoir ~600 m to the east from the Stage
3 injection. This time-lapse signal suggests that the Stage 3 plume has reached the Stage 2C plume
and remobilised it. This conclusion is confirmed by the results of continuous monitoring using multi-
offset VSP with SOV sources. Absence of any time-lapse changes in the Stage 2C plume before
February 2021 confirms that the Stage 2C plume was stable before that date. This demonstrates that
fibre-optic DAS receivers permanently installed in the subsurface have a potential for monitoring

injection of gas into gas-saturated reservoirs.
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